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S O L I D I F I C A T I O N ,  STRUCTURE A?XD PROPERTIES O F  EUTECTIC ALLOYS 
INCLUDING CONSIDERATION O F  PROPERTIES CONTROL 
November 1969 
This document reports  progress made on NASA Grant NGL-39-007-007 
since June 1969, I t  i s  concerned solely with work done on the 
mechanical-property portion of the program, 
Work on the other phase of our grant ,  namely t h a t  concerned with 
physical propert ies ,  was r e i n i t i a t e d  i n  September 1969. A new gradax- 
a t e  a s s i s t an t  began working then but  no data are  avai lable  a t  t h i s  
time, Howeverp it can be said tha t  i n  the l a s t  two months de f in i t e  
plans for  a master 's  degree program have been l a i d ,  We a re  now i n  
the process of obtaining mater ia ls ,  modifying equipment. and planning 
experiments t o  unidirect ional ly  so l id i fy  the mSb-Sb eu tec t ic  a t  
r a t e s  considerably f a s t e r  than have ever been done before, The system 
has been investigated before a t  Lehigh (No Jackson, R ,  N, Tauber and 
R ,  W ,  Kraft, J, Apple Physics, z6 NO, 4 August 1968, pp., 4452-57) 
because of i t s  potent ia l  as a magnetic mater ia l ,  (MnSb forms as  
pa ra l l e l  f ibers  and i s  ferromagnetic,) The aims of the new work 
j u s t  i n i t i a t e d  i s  t o  produce the eutect ic  with f ine r  f ibers  which, 
we hope, w i l l  be s ingle  domain, Magnetic theory indicates  t ha t  
f iber  diameters on the order of 0 , 5 y  
so l id i f ica t ion  theory t e l l s  us  t h a t  it should be possible to  reduce 
the f iber  diameter t o  t h i s  value (from the 2 , O P  
should be s ingle  domain and 
f igure obtained i n  
the e a r l i e r  work) via  the well known re la t ion  between eukect-ac 
spacing and growth r a t e ,  Fur%hermore@ the "extrapolations-of- 
theory" which we intend to  invest igate  seem reasonable t o  obtain 
i n  the laboratory, 
INVESTIGATION O F  MECHANICAL IPESPONSE O F  N i - N b  EUTECTIC ALLOY 
Exceptional progress has been made i n  t h i s  phase of the research 
program during the current  report  period, Major breakthroughs along 
several  f ronts  have enabled us t o  exceed our or ig ina l  timetabk. for 
completion of several  aspects of t h i s  phase of the study, The major 
observations and conclusions to  be discussed below const i tuted the 
m a J o r  pa r t  o f  a technical paper prepared by W, R ,  Hoover and W ,  W, 
Hertzberg which was presented a t  the Eutectic Composites Symposia i n  
Philadelphia t h i s  pas t  month (Reference 1) 
Sol id i f ica t ion  Studies 
A s  described i n  the previous progress reporto the ve r t i ca l  
so l id i f ica t ion  apparatus was modified to  allow for  growth of v e r t i -  
ca l ly  aligned ingots of N i - N i 3 N b  eu tec t ic  a l loy,  
r a t e s  were chosen (4-13 c m / h r , )  and resu l t ing  microstructures compared 
on the basis  of regular i ty  and alignment, From t h i s  study it was 
decided t h a t  ingots grown a t  4,7 cm/hr, would be used i n  the prep- 
Several growth 
arat ion of mechanical t e s t  coupons, Consequently, master heats  of 
eu tec t ic  composition containing 99,98% Ni and 99,9?ANb additions were 
prepared under argon atmosphere and c a s t  into c h i l l  molds with approxi- 
mately 30 ingots being unidirect ional ly  so l id i f ied  under an argon 
atmosphere a t  a growth r a t e  of 4,7 cm/hr, 
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Mechanical Response 
De forma ti on Characterist ics-cg M i 3 g  
Additional s tudies  have been conducted t o  fur ther  OUP under- 
standing of the deformation behavior of the reinforcing Mi3Nb phase, 
Summarizing the r e su l t s  of the previous report ing period, i t  was 
found tha t  s l i p  occurred along two systems8 twinning was observed 
on t w o  var iants  of the 
planes,  The l a t t e r  t w i n  mode was considered t o  be the dominant 
deformation mechanism i n  the Ni3Mb phase, 
period, two more var iants  of {112]  twinning were found bringing 
the t o t a l  t o  four as shown i n  Figure 1, These twins were observed 
t o  form as a spesubt of t ens i l e  s t resses  applied parallel. t o  the ingo% 
growth axis ,  i , e ,  I p a r a l l e l  t o  the ~ i 3 ~ b  crystallographic 
direct ion,  Cracks whish formed i n  the intermetal l ic  phase were 
<1123 {Oil] and along t w o  var iants  of the 
Dur ing  t h i s  report 
always associated with the $11 twin-ma%rix interfaces  e A s  a 
r e s u l t  of loading p a r a l l e l  to the  ingot axis ,  nei ther  
the {112{ t w i n s  nor the associated cracks were observed, 
Tensile barso 0 ,250  diameter x 1 , O O  gage length were prepared 
from the unidirect ional ly  controlled ingots,  It had been expected 
t h a t  the strength of these samples containing ax ia l ly  aligned 
p l a t e l e t s  might be stronger than those previously prepared by Quinn; 
the  l a t t e r  samples were prepared with a horizontal  so l id i f ica t ion  
apparatus and produced microstructures with a 15-20 degree m i s -  
alignment, To our surprise8 the s t rength o f t h e s e  new samples w a s  
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not  stronger but ,  i n  fact,, 1 0 4 5 %  weaker than those prepared by 
Qbainn (29, Howevers of par t icu lar  importance was the f a c t  t ha t  
the d u c t i l i t y  of the ve r t i ca l ly  grown samples was more than 500% 
=eater than the previous specimens (i ,e, l ,5 -2% vs ,  1l-l.5.”/, i n  
the current  study) (Figure 2) When evaluating the significance 
of t h i s  appreciable amount of elongation, it should be noted that 
the reduction of the specimen cross-secrisnal area was abaut- khe 
same (lee,, lb ,7--16,$%) indicating %ha& no Eecking occurs pr ior  to 
f racture  and tha t  the t o t a l  elongation was essent ia l ly  equal t,s k h e  
t o t a l  uniform elongation (Table This observation along with 
the f a c t  tha t  yielding and fracture  occurred a t  the same noneinal. 
s t r e s s  level ,  permits one t o  character ize  the N i - N i _ ? ; m  eutect ic  
composite as an e las t ic -p las t ic  mater ia l ,  
Comparing the two s e t s  of specimekss on the basis  of toughness 
(approximately related t o  the area under a s t ress -s t ra in  curve) ,  it 
is immediately obvious tha t  the newer ingo t s  possessed considerably 
greater  f rac ture  toughness, A measure of such  toughness can be 
sensed from the f a c t  t ha t  these ingots displayed a notch strength- 
ening e f f ec t ;  the net  section s t r e s s  a t  f racture  f o r  a round bar 
containing a circumferential  reduction i n  area of 45% with an 
associated notch roo% radius of  l e s s  than ,004 inches was 140,000 ps i  
as  compared with a smooth bar t ens i l e  s t rength of 108,000 p s i ,  
(Table I )  e 
To explain these r e su l t s  the defamation charac te r i s t ics  o f  
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the two const i tuent  phases, par%i@ular%y those of  Ni3Nb8 w e r e  
considered, Metallographic examinatioq of f ractured t e n s i l e  and 
notched t e n s i l e  t e s t  bars was conducted to ascer ta in  the amount 
0% observable p l a s t i c  deformation in the  two phase s t ruetuse,  I n  
all t he  t e n s i l e  coupons, extensive type twinning occurred 
i n  the Ni3Nb p l a t e l e t s ,  More than one var ian t  of th i s  t w i n  mode 
was o f t e n  found i n  any given lamella, I n  the notched bars k h e  
%wins w e r e  confined t e a  t he  v i c in i ty  of the reduced crass-sectional 
area where the  loca l  stresses w e r e  highest, Cracks formed a t  the 
twin-matrix in te r face  uniformly over t he  e n t i r e  twinned reqions 
except i n  the v i c in i ty  of the f rac ture  s ~ r f a c e  where the crack 
density was sharply highera E t  appears that deformation and 
f rac ture  of  t h e  Ni-Ni3Nb eutec t ic  composite proceeds i n  t he  follow- 
ing manner: a t  about lQ0,000 p s i 8  a d r i t i c a l  stress l eve l  i s  present  
t o  i n i t i a t e  i l l 2 3  twin formation i n  the ~ i 3 ~ b  phase--upon fur ther  
deformation under essent ia l ly  the  sam stress bevel, ex is t ing  t w i n s  
w i l l  grow,  new twins w i l l  form and some twin-matrix in te r faces  w i l l  
begin to  crack, When the crack density i n  any given cross-section 
reaches a c r i t i c a l  l eve l ,  f rac ture  occurs, The fracture of the 
Ni-Ni3Nb eutec t ic  composite i n  tension i s ,  therefore ,  control led by 
the  deformation twinning in the  Ni3Nb phase, 
Recalling t h a t  twinning did not occur during compressive 
boading p a r a l l e l  t o  the ingot growth axis8 one i s  tempted t o  con- 
clude that the  2:l cornpressfve/tensibe s t rength r a t i o  may be due 
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i n  pa r t  t o  an absence of  twin--ma%rix interface crack nucleation 
s i t e s  under a compressive s t r e s s  envirsPment, 
Fracture Mechanis 
A s  noted previously, f racture  i n  the Mi3Nb phase i s  i n i t i a t e d  
along the twin-matrix interface,  When ins t ab i l i fq  occurs 
these cracks coalesce by a process involving neck formation and 
ch ise l  type f a i lu re  s f  the  adjacent Mi lmek%ae,  This mechanism 
was described previously by Hertzberg, e t  a k ,  (3) fo r  $he case of 
fracture i n  the A l - G W 1 2  eu tec t ic  a l loy,  
Linear markings and protrusiqns were s f t e n  found on the 
f ractured surfaces of the NF3Nb p l a t e l e t s  as seen i n  the electxon 
microscope, These were the same n a r k h g s  previously observed on the  
Eatkgue f racture  surfaces of the Ni3Nb phase Q4Io n i s  observation, 
therefore@ val idates  the conjectural  remarks made i n  the ~ u l y  19 
progress report  which readB i n  pa r t ,  as  f s L L s w s :  "The markings, e 
may be re la ted  to  crack propagation along Ni3Mb matrix-twin in t e r -  
faces producing "tonguesnn on the fracture surface e HoweverB 
mechanical t w i n s  are  produced during monotonic and cycl ical  loading 
thereby suggesting t h a t  these markings should also be seen on t ens i l e  
f racture  surfaces a s  we l l en '  (4) These markings were found t o  occur 
a t  0 ,  40 and 90 degrees t o  the lamellae interface,  Recognizing tha t  
the fracture  surface of the  N i 3 N ; b  p l a t e l e t  i s  parableL t o  t h e  
t w i n  planes it can be shown tha t  the three other var iants  w i l l  
i n t e r sec t  the fracture  surface a t  0 ,  40 and 90 degrees to the lamellae 
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inter€ace (Figure 3 )  Therefare, the observed fraes+,z%re surface 
markings r e f l e c t  the interactres of the several { l b 2  
with the advancing errack fmr t ,  
Fa t ique  Behavior o a - N i 3 N h  
twic var iants  
Using notched round barss described above, the fatigue response 
of the N i - N i 3 N b  eutect ic  a l loy was evaluated, 
en Figure  4 along w i t h  the t ens i l e  s t rength of a smooth tes& bar 
These data are shown 
(1 o e o U  1/4 cycle fa t igue l i f e )  ~ o t e  t h a t  there  i s  a recorded 
fatigue l i f e  of several  hundred cycles fa- s&resses grea te r  than  
the srsasoth bar t ens i l e  strength, In addition, the material ap 
to exhibi t  an endurance l i m i t  i n  the range of 60,000 p s i  net section 
s t r e s s  with one sample remaining unbroken a f t e r  l o 6  cycles a t  that 
s t r e s s  level  
To more f u l l y  understand %he fat igue fracture  process i n  this 
alloy, metallographic aEd fractogx-aphic s tudies  were i n i t i a t e d ,  
W i t h  decreasirq fat igue s t r e s s  leve l ,  the incidence of Ni3Nb twinning 
deereased and their location more confined t o  %he immediate v i c in i ty  
s f  the notch root ;  t h i s  suggests t h a t  the twinning process i s  de- 
pendent upon the attainment of a c r i t i c a l  s t r e s s  bevel, 
It was found f r o m  fractographic examination tha t  the fat igue 
fracture  mecha%?.ism changed gradually with d e e r e a s i q  appki ed s t r e s s  
level  Under r e l a t ive ly  
cyc les ) ,  ~ i ~ N b  p l a t e l e t s  
Low cycle c snd i t i s r s  ( l e s s  than 20,000 
were seen to f racture  ahead of the advancing 
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crack f ront  with the crack advancing through the M i  phase by a 
c l a s s i ca l  s t r i a t i o n  formation mechanism, Since the intermetal l ic  
phase fractured ahead of the main crack front ,  s t r i a t i o n s  were 
seen ts grow out  rad ia l ly  from these broken p l a t e l e t s  and asswed 
the same contour as  the broken p l a t e l e t  morphology. 
A t  intermediate s t r e s s  levels  (between 2 8 ,  Q00-100,OOO cycl ic  
l i f e )  the ~i+n p l a t e l e t s  no longer fractured ahead sf the  ad- 
vanefng crack front  b u t  ra ther  led the crack f r o n t  as * ~ ~ ~ ~ ~ ~ ~ ~ % ~  
of broken lamellae extending i n t o  the lanbzoken g~ 
ing  fatigue s t r i a t i o n s  Em the Ni lamellae we 
ing the multiple crack f r o n t  ~~~f~~~~~~~~~ ~~~~~~a~~~ w i  
N i 3 N b  lamellae leading the  advance of the OVB 
the  appearance of the ~~~c~~ 
of fatigue s t r i a t i o n s  the N i  lamellae ~~~~~~~~ surf 
faceted appearance reminiscent sf: stage E ~~~~~~~ 
i n  metals, 
With excellent progress having be 
reporting period, further studies are indicated, 
1. MetalLogra 
employed to  f 
mechanism t r ans i  t fons ooserved i n  ~ ~ ~ i ~ u ~  
Ni-Ni%$h,  
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SqlLdificagAmn ana. Pr-ratien of Samples 
A procedure for  preparing heat, o f  high puri ty  Mg-Ni eutec t ic  
alloys was developed, A l l o y s  are  zharged i n t o  a closed s teel  
crucible  under an argon atmasphere ai3d melted by induetiow heating, 
To maximize homogeneity, the melt i s  vigorously s t i r r e d  immediately 
before poeusinq into 1/2" diame-cer eyl ~nd l r i ca l  graphite molds e 
Cons%ruet ien  of the apparatus fo_r unidirect ional  so l id i f i ca t ion  
of: the eutectic alloy w a s  completed driring t h i s  report  period, The 
metals pins a r e  held i n  a statnornary ver t ica l  graphite mold, Heating 
i s  accortepB ashed by a cyl indrical  res is tance furnace which surrounds 
the specimen and mold and moves a t  a controlled r a t e  along its 
length, A high thermal gradient 1s maintained i n  the specimen by 
a water spray quenching r ing w h i c h  txaverses the specimen immediately 
below the furnace, The en t i r e  process i s  car r ied  o u t  in a protect-  
ive argon atmosphere @ 
I n i t i a l  e f fo r t s  a t  u n i d i r e c t i o n a l  so l id i f i ca t ion  of the Mg-Mg2Mi 
allcay r e su l t ed  in very poorly aligned st ructure ,  The intermetal l ic  
was extensively branched and appeared v i r tua l ly  dendri t ic ,  This 
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indicated t h a t  the intermetal l ic  might have been growing ahead of 
the main l iquid-sol id  interface,  i , e , ,  t h a t  so l id i f ica t ion  was not 
occurring by coupled growth, 
I t  i s  known tha t  the problem of one phase of the euteekie 
sol idifying ahead of the main E-S interface can sometimes be over- 
come by departing from eutect ic  composition i n  the direct ion of t h e  
slower growing phase, I n  l i g h t  of t h i s ,  several  Mg r i ch  master 
heats  were made and unidirectianably so l id i f i ed ,  I t  was found t h a t  
well-aligned specimens could be produced when the as-cast metal 
6 vol,pet, prseuteet ic  Mg. Using  these master hea tso  
aligned s t ructures  are  now being produced a t  growth r a t e s  between 
5 and 50 ern/hr, A factor  of  f ive  deerease f n  Mg2Nf spacing was 
produced by t h i s  order of magnitude increase in growth r a t e .  
Mechanical Behavior 
A very limited m o u n t  of mechanical t e s t i n g  has been performed 
t o ,  date,  1a i t ia1  attempts a t  t ens i l e  tes t ing  yielded very l imited 
resu l t s  due %s the extreme notch sens i t i v i ty  of  the mater ia l ,  Threaded 
t ens i l e  specimens f a i l ed  a t  the root  of the f i rs t  thread rather  than 
i n  the gauge sect ion,  The f ac t  t h a t  the material  i s  inherently 
strong, however, i s  evidenced by the f a c t  t h a t  several  specimens with- 
stood s t resses  of 50,000 p s i  i n  the gauge sect ion p r io r  t o  f a i l i n g  i n  
the threaded portion, The e l a s t i c  modulus was determined to be 
7 , 5  x 106 ps i ,  
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F u t u r e d  fo r  Next=- 
lo  Tensile specimen configuration w i l l  be a l te red  i n  an 
attempt t o  avoid t e n s i l e  f a i lu re s  from occurring outside 
the gauge sect ion,  
2 ,  Evaluate the s t rength,  d u c t i l i t y  and deformation and 
f rac ture  mechanisms of the Mg-Mg2Ni a l loy  as a function of 
so l id i f i ca t ion  growth r a t e ,  
- l b -  
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